The erythroid-and developmental stage-specific expression of the human ε-globin gene is controlled, in part, by the 5'-flanking DNA sequence of this gene. In the present study, we have used DNA-protein binding assays to identify trans-acting factors which regulate the temporal expression of the human ε-globin gene during development. Using gel mobility shift assays and DNaseI footprinting assays, a nuclear protein factor (termed ε-SSF1) in the nuclear extracts from mouse haematopoietic tissues at d 11 and d 13 of gestation was identified. It could specifically bind to the positive control region (between -535 and -453bp) of the human ε-globin gene. We speculated that the ε-SSF1 might be an erythroid-and developmental stage-specific activator. In addition, we found another nuclear protein factor (termed ε-R1) in the nuclear extract from mouse fetal liver at d 18 of gestation, which could strongly bind to the silencer region (between -392 and -177bp) of this gene. Therefore, we speculated that the ε-R1 might be an erythroid-and developmental stagespecific repressor. Our data suggest that both ε-SSF1 and ε-R1 might play important roles in developmental regulation of the human ε-globin gene expression during the early embryonic life. On the other hand, we observed that the binding patterns of nuclear proteins from three cell lines (K562, HEL and Raji) to these regulatory regions 1. This project was supported by grant from Chinese National Nature Science Foundation 2. To whom correspondence should be addressed.
INTRODUCTION
The human βl-like globin gene cluster spans a region of 70 kb on chromosome 11 and contains five developmentally regulated genes in the order 5'-ε, G Υ , A Υ , δ,β-3'. During human development, the embryonic globin gene (ε) is the earliest-expressed β-like globin gene. It is activated in primitive erythrocytes located at the blood island of the yolk sac and is silenced completely at later developmental stages [l] . Studies in transgenic mice or in differentiating embryoid bodies have shown that the erythroid-and developmental stage-specific expression of the human ε-globin gene is controlled, in part, by the 5'-flanking sequence of this gene [2, 3] . A transcriptional silencer (between -392 and -177bp) upstream of the human ε-globin gene has been identified [4] . Deletion of this region results in the continued expression of the human ε-globin gene during late fetal and adult development in transgenic mice, suggesting that in vivo this silencer may play a role in silencing the human ε-globin gene at these later developmental stages [5] . In addition, a positive control region (between-535 and -453bp) upstream of this silencer has been identified [6] (Fig 1) . However, little is known about the regulatory mechanism of the human ε-globin gene expression in an erythroid-and developmental stage-specific manner.
In this paper, we used gel mobility shift assay and DNaseI footprinting assay to identify trans-acting factors which regulate the temporal expression of the human ε-globin gene during development, and two erythroid-and deveopmental stage-specific factors (ε-SSF1 and ε-R1 have thus been identified. We have slso analyzed the binding of nuclear protein factors prepared from three cell lines (K562, HEL and Raji) to these regulatory regions, and their defference to nuclear protein factors from mouse embryonic and fetal haematopoietic tissues will be discusssed.
MATERIALS AND METHODS
Cell culture and preparation of nuclear extracts K562, HEL and Raji cells were grown in RPMI1640 medium supplemented with 10% fetal bovine serum, and the nuclear extracts were prepared from these cells according to the method of Dignam et al [7] . The protein concentration was determined by the Bradford's method [8] .
Mouse mating, dissection and preparation of nuclear extracts Mouse mating and dissection were performed by the method described by Whitelaw et al [9] . The nuclear extracts were prepared from mouse embryonic yolk sac at d 11 of gestation, mouse fetal liver at d 13 and d 18 of gestation, baby mouse liver of 1 d after birth and mouse brain as described by Gorski et al [10] .
Preparation of DNA probes
The DNA fragments were prepared from pεGLCAT-SV plasmid by restriction enzymes. The Xbal/HincII DNA fragment (-535 ~ -392bp) containing the positive control region was isolated, and the HincII/BamHI DNA fragment (-392 ~-177bp) was prepared as a silencer region. The two fragments were 5'-end labelled with Υ -32 p-ATP respectively. These probes were used in the DNAprotein binding assays.
Gel mobility shift assay
Gel mobility shift assays were performed according to the method described by Strauss and Varshavsky [11] . The binding reaction (25μl) contained approximately 5 fM of end-labelled DNA probe, 3 -5μg of nuclear proteins, and 1μg polyd (I-C) as a nonspecific competitor in a binding buffer (10 mM Tris-HC1, pH 7.6, 100 mM KCl, 1 mM MgC1 2 , lmM EDTA, 10 mM DTT, 4% glycerol, and 0.1% Triton X-100). The reaction mixtures were incubated for 1 h on ice, and were analyzed with 4% nondenaturing polyacrylamide gel. Gel was dried and autoradiographed at -20℃.
DNaseI footprinting assay
DNaseI footprinting assay was carried out according to the method described by Berg et al [12] . Approximately 18μg of nuclear proteins were preincubated for 10 min on ice in binding buffer (10 mM Tris-HCl, pH 7.6, 100 mM KC1, 1 mM MgC1 2 , 1 mM EDTA, 10 mM DTT, 4% glycerol, and 0.1% Triton X-100), followed by the addition of DNA probe(~ 5 fM ) and a further 20 min incubation. 1μg polyd (I-C) was added as a nonspecific competitor. DNaseI and MgCl 2 (4 mM final concentration) were added for 20 ~ 60 sec. Digested DNA was extracted with phenol and precipitated with ethanol. The products were resolved by 8% polyacrylamide gel. A+G sequencing ladder was prepared by using Maxam and Gilbert's method [13] .
RESULTS
Identification of an erythroid-and developmental stage-specific factor in the nuclear extracts prepared from mouse haemetopoietic tissues at d 11 and d 13 of gestation binding to the positive control region upstream of the human ε-globin gene the human ε-globin gene starts to be expressed in embryonic yolk sac at d 9 of gestation, and is completely silenced at about d 13.5 of gestation. However, the human Υ -globin gene are expressed at embryonic and early fetal stages, but are silenced at d 16 In order to clarify the developmental regulatory mechanism of the humanε-globin gene expression, we have focused on examining the cis-acting elements and trans-acting factors which regulate the erythroid-and stage-specific expression of this gene.
The binding of nuclear proteins prepared from mouse haematopoietic tissues at different developmental stages to the positive control region (-535~-392bp) upstream of the humanε-globin gene was analyzed by gel mobility shift assays. Our results repeatly showed that only one major shift band A (here termed ε-SSF1) could be detected in the nuclear extracts prepared from mouse haematopoietic tissues at d 11 and d 13 of gestation (Fig 2, lanes 2~5 ). However, nothing could be detected in the nuclear extracts from mouse fetal liver at d 18 of gestation, baby mouse liver of 1 d after birth and mouse brain (Fig 2, lanes 6~10 ). Therefore, we speculate that an erythroid-and developmental stage-specific factor (termed ε-SSF1) might exist in the nuclear extracts from mouse haematopoietic tissues at d 11 and d 13 of ges- tation. In DNaseI footprinting assays, we observed that one major region (-466 to -484bp) was protected when the nuclear extract from mouse haematopoietic tissue at d 13 of gestation was used (Fig 3, lanes 4~6 ). However this protected region could not be detected using the nuclear extract from mouse fetal liver at d 18 of gestation (Fig 3, lanes 7 and 8) . Our data suggest that this positive control region might function as an erythroid-and stage-specific regulatory element, and that the ε-SSF1 might be an erythroid-and stage-specific activator in activating the human ε-globin gene expression during early embryonic stage.
An erythroid-and developmental stage-specific factor in the nuclear extract from mouse fetal liver at d 18 of gestation binding to the silencer region upstream of the humanε-globin gene To investigate the regulatory mechanism of the silencer (between -392 and -177bp) in silencing humanε-globin gene, the same analyses were carried out. Using gel mobility shift assay, three shift bands (A, B and C) were detected with the nuclear extracts prepared from mouse haematopoietic tissues at d 11 and d 13 of gestation (Fig 4, lane 1~4) . However, to our surprise, the amount of band B (termed ε-R1) seemed to rise sharply with the nuclear extract from mouse fetal liver at d 18 of DNA-protein interactions in the regulatory regions of humanε-globin gene ε gestation (Fig 4, lanes 5 and 6) , and to decline dramatically with the nuclear extract from baby mouse liver of d 1 after birth (Fig 4, lane 7) . We could not detect any band in the nuclear extract from mouse brain (Fig 4, lane 8) . In addition, DNase I footprinting assay was used to further detect the precise protein-binding site within the silencer region. Only one major protected region (from -278 to -235bp) could be observed with the nuclear extract prepared from mouse fetal liver at d 18 of gestation (Fig 5, lanes 6 and 7) . However, this protected region could not be detected at d 13 of gestation (Fig 5, lanes 4 and 5) . Our results suggest that this ε-R1, existing in the nuclear extract from mouse fetal liver at d 18 of gestation, might be an erythroid-and developmental stage-specific repressor, and that it might function in silencing the expression of the human ε-globin gene during later developmental stages.
Analyses of nuclear protein factors from K562, HEL and Raji cells binding to these regulatory regions upstream of the humanε-globin gene Previous studies have shown that the patterns of the human β-like globin gene expression in K562, HEL and Raji cells are different. The K562 cell, a human erythroleukemia cells line, express the human embryonic (ε) and fetal (Υ ) but not adult (β) globin gene [15] . However, the HEL cells, also a human erythroleukemia cell line, express mainly the human fetal (Υ ) globin gene and trace amount of the embryonic (ε) globin gene, but not adult (β) globin gene [16] . The Raji cell are of nonerythroid cell line. Therefore, these three cell lines provide an ideal model for studying the regulatory mechanism involved in the erythroid-and developmental stage-specific expression of the human ε-globin gene.
In order to elucidate the regulatory mechanism at a molecular level, the binding of nuclear protein factors prepared from K562, HEL and Raji cells to the positive control region (-535~-392bp) and the silencer (-392,~-177bp) upstream of the human ε-globin gene was analyzed. Using the positive control region (-535~392bp) as a probe, we found in gel mobility shift assays that the shift band Kb, indicated by the arrow in Fig 6, was common to three cell lines. However, both shift band Ka and Kc were specific for K562 cells (Fig 6. lanes 2 and 3) . The shift band E was common to HEL and Raji cells, and shift band D was specific for Raji ceils (Fig 6  lanes 4~6 ). DNase I footprinting assays further revealed that there were at least three protected regions specific for K562 cell (-418 to-450bp, -453 to-462bp and -466 to -484bp) (Fig 7A, lanes 5 and 6) . Our results suggest that these trans-acting factors detected in K562 cell might be, in part, responsible for the high-level expression of the human ε-globin gene in this embryonic erythroid cell line. Furthermore, we observed that one protected region (-466 to -484bp) was common to K562 and HEL cells (Fig 7A, lanes 5~6 and Fig 7B, lanes 5~7) , and it was also very similar to that detected with the nuclear extract from mouse fetal liver at d 13 of gestation (Fig 3,  lanes 4~6 ). Thus, we speculate that the trans-acting factor which is analogous to ε-SSF1 may exist in the embryonic erythroid cells (K562 and HEL cell lines).
On the other hand, the binding of nuclear protein factors prepared the from the three cell lines to the silencer region (-392~-177bp) upstream of the human ε-globin gene was also analyzed. In gel mobility shift assays, two shift bands (K1 and K2) could be detected with nuclear extract from K562 cells (Fig 8, lanes 2 and 3) . The pattern of shift bands with nuclear extract of HEL cells was similar to that with Raji cell nuclear extract (Fig 8, lanes 4~7) . However, the amount of the band H is predominant when HEL cell nuclear extract was used (Fig 8, lanes 4 and 5) . Our data demonstrated that these trans-acting factors detected in HEL cell, which were Labelled fragment with 18 μg of nuclear extracts from K562 cells (0.5μg DNaseI for 30s and 60s respectively). B. Lane 1, A+G ladder. Lanes 2 and 3. Labelled frament without nuclear extracts (0.5μg DNaseI for 30s and 60s respectively). Lanes 4 and 5, Labelled fragment with 18μg of nuclear extracts from HEL cells (0.5μg DNaseI for 90s and 1.5μg DNaseI for 60s respectively).
capable of binding to this silencer, might be the cause for silencing human e-globin gene in this cell line. In addition, DNaseI footprinting assays showed that the nuclear extract from K562 cells gave two footprints (-284 to-259bp and -256 to -235bp) (Fig 9A, lanes 4 and 5) . However, only one protected region (-284 to -247bp) was detected using the nuclear extract from HEL cells (Fig 9B, lanes 4 and 5) . Furthermore, we found that this protected region detected with HEL cell nuclear extract, in part, coincided with the binding sites for K562 cells. In addition, the binding site of theε-R1 was also located partly within this region (-278 to -235bp) (Fig 5, lanes  6 and 7) . Therefore, we suggest that these nuclear protein factors prepared from both human embryonic erythroid cells (K562 and HEL) and mouse fetal liver at d 18 of gestation might have a analogous DNA-binding motif within this silencer. The further characterization of these factors is still in progress.
DISCUSSION
Erythroid differentiation during development is characterized by specific pattern of globin gene expression. The study of globin gene expression has served as an important paradigm for understanding tissue-specific and developmentally regulated transcription. The human β-like globin gene cluster contains five genes (ε, G Υ, A Υ, δ,β), which are successively expressed as the site of erythropoiesis shifts during development [1] . Expression of the individual genes of the cluster relies on a distal regulatory element, termed the locus control region (LCR), which located 6~20kb upstream of theε-globin gene [17] . Recent studies in transgenic mice or in differentiating embryoid bodies have shown that the humanε-globin gene, linked in cis with LCR sequence, is expressed in a developmentally appropriate manner which is independent of the presence of other globin genes within the locus [2, 3] .
The sequence (-392~-177bp) upstream of the human ε-globin gene may be involved in the repression that restrictsε-globin gene expression to embryonic erythroid cell. Deletion of this region results in the continued expression of this gene during late fetal and adult development in transgenic mice [5] . Therefore, we suggest that activating and silencing the expression of the humanε-globin gene may be mediated by trans-acting factors, which appear in embryonic or adult stage, and which can specifically bind to the positive control region or silencer in the 5'-flanking sequence of the humanε-globin gene.
For this purpose, we have used the mouse haematopoietic system as a model to examine the developmental stage-specific protein factor(s) at different stages during development because the pattern of expression of the mouseβ-like globin gene is quite analogous to that of human's [9] . During the embryonic life, at d 8 of gestation the mouse embryonic βH1-andεY2-globin genes begin to be expressed in yolk sac. At d 11 of gestation the fetal liver become the major site of erythropoiesis almost up to birth. The level ofβHl-globin gene expression is highest at d 10 and d 11 and decline afterward, while the expression ofεY2-globin gene peaks at about d 13 and decreases during further fetal development. The expression of the adult mouse β-globin gene peaks at about d 18. Experiments with transgenic mice have showed that the humanε-globin gene starts to be expressed in embryonic yolk sac at d 9 of gestation, and is completely silenced at about d 13.5 of gestation. However, the human Υ -globin gene are expressed at embryonic and early fetal stages, but are silenced at d 16 of gestation. The human β-globin gene expression behaves very much like the adult mouse β-globin gene. It is silenced at early embryonic stage, but becomes active in the early fetal liver at about d 13 of gestation and rises rapidly to maximum level at d 18 of gestation, and remains throughout the adult stage [14] . According to these considerations, we chose the mouse haematopoietic tissues at d 11, d 13 and d 18 of gestation as experimental material representing embryonic, fetal and adult haematopoietic tissues, respectively.
In the present study, two tissue-specific and developmental stage-specific protein factors (ε-SSF1 and ε-R1) in the nuclear extracts prepared from mouse haematopoietic tissues at different developmental stages (at d 11, d 13 and d 18 of gestation) have been identified. Our data reveal that both positive control region (-535 ~-453bp) and silencer (-392~-177bp) upstream of the human ε-globin gene may function as stage-specific regulatory elements, and these tissue-specific and developmental stage-specific protein factors (ε-SSF1 and ε-R1) may be involved in activating and silencing of the human ε-globin gene during early embryonic development through DNA-protein interaction.
On the other hand, we have analyzed the interaction between cis-acting elements (positive control region and silencer) and trans-acting factors prepared from three cell lines (K562, HEL and Raji cells). Our data demonstrated in both gel mobility shift assays and DNaseI footprinting assays that there were at least two nuclear protein factors (Ka and Kc) specific for K562 cell, which could specifically bind to this positive control region. These K562 cell-specific factors might be able to partly explain the high-level expression of the human ε-globin gene in this cell line. In addition, three nuclear protein factors (F, G and H) in HEL cell were detected, which were capable of binding to this silencer region. We suggest that these factors, especially factor H may be responsible for silencing the human ε-globin gene in this cell line.
Our data have shown that activating and silencing of the human ε-globin gene during early embryonic life reflects a dynamic interaction between the tissue-and developmental stage-specific trans-acting factors and multiple cis-acting elements. The results presented here may provide some insight into the molecular regulatory mechanism involved in the human ε-globin gene expression during early development.
